Background: Robotic surgery has been introduced to overcome the limitations of conventional laparoscopy. A systematic review and meta-analysis were performed to assess the safety and feasibility for
Introduction
Liver resection was once considered a complex procedure, with high morbidity and mortality. Nowadays, liver resection is regarded a routine procedure 1 . Traditionally, liver resections are performed using laparotomy, but in the early 1990s minimally invasive techniques emerged. The first laparoscopic nonanatomic liver resection was performed in 1992 and the first anatomic liver resection in 1996 2, 3 . Since then, several nonrandomized studies have shown that laparoscopic liver resection is safe and feasible in selected patients 4, 5 . Compared to open surgery, laparoscopic liver resection has been associated with less blood loss, shorter hospital stay and similar oncologic outcomes [6] [7] [8] [9] [10] [11] . Laparoscopic liver resection was initially performed in patients with benign or peripherally located lesions. But, as time progressed, laparoscopic major hepatectomies and resections of the postero-superior segments were also reported [12] [13] [14] [15] .
However, laparoscopy has its disadvantages, most notably the limited mobility of the straight laparoscopic instruments. The robotic system provides a 3-dimensional, magnified view of the operative field. This, in combination with the computer-tohuman interface and wristed instruments, results in improved precision in surgical dissection. In theory, the improved dexterity makes robotic systems particularly suited for those resections that require non-linear manipulation, such as the curved parenchymal transection, hilar dissection and resection of the posterosuperior segments in liver surgery. Furthermore, the use of a robotic surgical system leads to decreased fatigue and tremor with the surgeon 1, 16, 17 .
Recently, a number of case-series reporting on robotic liver resection have been published. It remains unclear from each of these series whether, in larger groups of patients, use of the robot is feasible and if the use of a robotic system is especially advantageous in a specific subgroup of liver resection. Hence, the aim of this review is twofold: First, to assess the feasibility and safety in terms of morbidity and mortality for all types of resections together; second, to perform a pooled analysis for three subgroups (minor resections of easily accessible segments, minor resections of difficult located segments, and major resections).
Materials and methods

Study selection
A systematic search, restricted to papers published in English, up to 25-04-2015, was performed in PubMed, EMBASE and Cochrane Library. The study was conducted according to the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) guidelines 18 .
Search terms were: '(robot OR robotic OR da Vinci) AND (liver OR hepatic OR hepatectomy OR liver resection OR hepatic resection)' . Titles and abstracts of the identified papers were screened. Two authors (CN and JH) examined full-text versions of papers considered for inclusion. The bibliographies of the selected articles were reviewed for other potentially relevant studies.
Eligibility criteria
Included were all clinical studies reporting on robotic liver resection, with full-text available in English. Studies focusing on biliary surgery, studies from which data were unavailable or insufficient, review articles and conference abstracts published in abstract form only, were excluded. Studies with sample size of fewer than five patients were also excluded. Disagreement on eligibility was addressed by discussion and consensus. Data were carefully examined to avoid double counting of patients and if multiple studies were published by one center, the study reporting the largest number of patients was selected for inclusion, unless it was clear data did not overlap.
Methodological quality
Two authors (CN and JH) assessed methodological quality of the included studies independently. Since all of the included studies were cohort studies, grading was performed using the Newcastle-Ottawa quality assessment scale (NOS) 19 .
Data extraction
Data extracted from the selected studies included country, study design, study interval, relevant patients, total number of patients in the study, type of resection and whether comparisons were made between robotic, laparoscopic and open surgery. Patient demographics extracted from the selected studies included: sex, age, ASA-score, previous abdominal surgery, number of lesions, tumor size and histopathology of the resected specimen. BMI is not presented in the tables, since only four of the included studies provided data on this and presentation was very heterogeneous. Documented data on (outcomes of) surgery included: operating time, blood loss, conversion rate, transection method, number of positive surgical margins, complication rate, length of hospital stay and mortality. Pooled data were analyzed for three different subgroups of resections: 
Statistical analyses
If studies documented the outcomes as medians and ranges, means and SD's were estimated according to the methods described by Hozo et al
22
. Weighted means and weighted SD's were calculated for all types of resection together and for the three separate subgroups of robot-assisted laparoscopic liver resection. Data regarding age, blood loss, operation time and tumor size are rounded in all tables. Data regarding length of stay are rounded to whole days.
Results
The search yielded a total of 799 studies. A total of 12 studies, one prospective 23 and eleven retrospective [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] , including 363 relevant patients, met the inclusion criteria to be included in this systematic review. (Fig. 1 ) Study characteristics are summarized in Table 1 . Four studies solely reported robotic patients. Six studies compared outcomes for robot-assisted laparoscopic liver resection with conventional laparoscopic surgery. Two studies compared robot-assisted laparoscopic liver resection with conventional laparoscopic and open surgery. 2 (5) 3 (21) Wu et al. 
2 (1) 3 (1) HPB 2016, 18, 113-120
Methodological quality
For all the included studies, details of the methodological quality are summarized in Table 2 . Overall, the methodological quality of the included studies was adequate. However, almost all of the cohort studies included selected populations (e.g. excluding patients with vascular involvement, liver cirrhosis or tumor size >5 cm), which were not entirely representative for the general patient population undergoing liver resection. Most of the included studies were retrospective [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . However, data from five studies were extracted from prospectively maintained databases 24, [27] [28] [29] [30] .
Outcomes for all types of resection and pooled analysis Patient characteristics and surgical outcomes of all resections are provided in Table 3 and Table 4 . Pooled data per type of resection subgroup are summarized in Table 5 . Outcomes by individual subgroup type are provided as supplementary material. (Tables S1-S3 ).
Discussion
Here, the largest review on robot-assisted laparoscopic liver resections to date as well as the first pooled analysis for subgroups of liver resection are provided. Collectively, the data show that the robotic platform is safe and suitable in all subgroups of liver resection in terms of operative time, blood loss, and number of conversions. Evidently, the fact that all published series so far selected patients must be taken into account. Larger, prospective series are therefore needed to confirm the suitability of robotassisted laparoscopic surgery. It remains to be determined if the robotic platform provides definitive advantages over standard laparoscopy in liver surgery. The data show significantly longer operating times for robotassisted liver resection over conventional laparoscopic liver resection. However, this finding is biased by the fact that the learning curve of robot-assisted laparoscopic liver resection had not been completed, as most series included here represent initial experience. As was shown by Tsung et al., operating time, as well as blood loss and length of stay, significantly decrease as 
-
-------Consistent with criteria, low risk of bias. Partially consistent with criteria, unknown risk of bias. ☐ Not consistent with criteria, high risk of bias.
-, Not applicable.
experience grows 31 . Moreover, it will be interesting to learn if robot-assisted laparoscopic liver resection has steeper learning curves than conventional laparoscopy, as was shown previously in complex minimally invasive abdominal surgery such as pancreatic resection 46 . The data show that conversion rates are low in any subgroup (1%, 0%, and 8% respectively in groups 1, 2, and 3). Although group 2 included 17 patients only, the data suggest that the robotic platform may be of particular advantage in resections of the posterosuperior segments 1, 47 . (33) III (42) Other 10 (18) IV (7) Wu et al. considered as standard of care due to their difficult to reach location 20 . In major liver resection, use of the robotic platform leads to a larger number of procedures performed totally laparoscopically 31 .
Taken together, the data show that robot-assisted laparoscopic liver resection is suitable for both minor and major resections. The authors speculate that minimally invasive approaches to liver surgery, nowadays still widely performed in an open manner, will more likely come through robotic surgery. Since in minor liver resection, rather than in major resection, size of the incision dominates postoperative recovery, it is suggested that the greatest potential clinical benefit of the robotic platform lies in minor resection of difficult located lesions. How to proceed with further clinical implementation? First, surgical technique needs to be refined and clarified in larger studies. For instance, it remains unclear which technique is best for parenchymal transection during robotic liver resection. Wristed (bipolar forceps, PK dissector, Vessel Sealer) as well as non-wristed (Harmonic curved shears) coagulation devices, as well as clip appliers, staplers, and plain sutures may all be suitable for precise parenchymal dissection, however, their comparison needs to be worked out. As of yet, the CUSA system, widely used in open and laparoscopic liver surgery, is not available for the robotic platform. Also, optimal patient position, port placement, and possible elimination of transthoracic trocars in segment 7-8 resections needs to be clarified along with novel applications such as indocyanine-green biliary contrast (FireFly imaging) and integrated augmented-reality navigation. Second, cost of the robot-assisted laparoscopic liver resection compared to conventional laparoscopy needs to be assessed.
In conclusion, based on the currently available literature, robot-assisted liver resection seems to be safe and feasible in selected patients for all categories of liver resection. The real benefit of the use of a robotic system over conventional laparoscopy presumably lies in minor resections of the posterior segments. However, given the limited number of available studies, large randomized studies are needed to compare robotassisted surgery with conventional laparoscopy and open surgery.
